a Nitrogenase is the only enzyme known to catalyze the reduction of N 2 to 2NH 3 . In vivo, the MoFe protein component of nitrogenase is exclusively reduced by the ATP-hydrolyzing Fe protein in a series of transient association/dissociation steps that are linked to the hydrolysis of two ATP for each electron transferred. We report MoFe protein immobilized at an electrode surface, where cobaltocene (as an electron mediator that can be observed in real time at a carbon electrode) is used to reduce the MoFe protein (independent of the Fe protein and of ATP hydrolysis) and support the bioelectrocatalytic reduction of protons to dihydrogen, azide to ammonia, and nitrite to ammonia. Bulk bioelectrosynthetic N 3 À or NO 2 À reduction (50 mM)
The reduction of effectively-inert dinitrogen (N 2 ), the major constituent of the Earth's atmosphere (79%), to more biologically and industrially useful forms of nitrogen (i.e. NH 3 ) is a key step in the global biogeochemical N cycle. 1 From a biological standpoint, a select group of diazotrophic microorganisms (limited to bacteria and archaea) are able to reduce atmospheric N 2 to NH 3 under both aerobic and anaerobic growth conditions by way of a single enzyme, nitrogenase. 2 Industrially, the renowned Haber-Bosch process highlights the importance of N 2 fixation at the expense of high pressures, high temperatures and consumes approximately 1% of the world's energy resources (as of 2002). 3, 4 The ability to electrochemically produce ammonia at room temperature under ambient pressure would present a significant alternative technology to the Haber-Bosch process.
Nitrogenase is an enzyme that is able to reduce N 2 to NH 3 at the expense of ATP hydrolysis and a reductant (typically ferredoxin or flavodoxin in vivo), of which three major classes are characterized by their Mo-, V-or Fe-dependent catalytic cofactors (FeMo-co, VFe-co, FeFe-co respectively); [5] [6] [7] [8] To date multiple enzymes (such as glucose oxidase, bilirubin oxidase, hydrogenase and carbon monoxide dehydrogenase, to name a few) have been immobilized at electrode surfaces where heterogeneous ET to/from the enzyme supports enzymatic substrate reduction or oxidation, respectively. [17] [18] [19] [20] [21] [22] ET takes place either directly (DET) or through the use of an electron mediator (MET), whereby the ability to directly observe electron transfer in real time to/from an enzyme provides a powerful tool for the evaluation of enzymatic mechanisms and kinetics, as well as the ability to create devices that are able to produce electrical energy from alternative energy dense fuels (enzymatic fuel cells, EFCs). 23, 24 Additionally, the ability to bioelectrosynthetically produce an important chemical at the expense of electrical energy could circumvent the necessity of harsh reaction conditions or expensive catalysts.
Here we report the immobilization of the MoFe protein of wild-type nitrogenase (purified from Azotobacter vinelandii, an aerobic diazotroph) at an electrode surface, where the use of an unnatural electron mediator facilitates the real-time electrochemically-observable reduction of H + to H 2 and azide (N 3 À ) and nitrite (NO 2 À ) to NH 3 . Importantly, observed bioelectrocatalysis is obtained in the absence of the Fe protein for wild-type MoFe protein, negating the requirement of all mechanistic steps associated with the Fe protein cycle, including the rate-limiting step for overall catalysis. We therefore anticipate that this approach will be valuable in revealing mechanistic details of nitrogenase as well as provide a technological basis to establish a bioelectrosynthetic technique for the production of hydrogen, ammonia and hydrocarbons (using CO or CO 2 as substrate) at room temperature and neutral pH. 
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Initially, nitrogenase MoFe protein was immobilized within a polymer at the surface of a glassy carbon electrode and preliminary cyclic voltammetry studies were performed against a series of metal-containing inorganic/organometallic redox active complexes in an attempt to screen for compatible electron mediators (data not shown). MoFe protein was immobilized at the electrode surface under a chemically-crosslinked poly(vinylamine) support to effectively increase the concentration of the MoFe protein at the electrode surface in an attempt to achieve greater sensitivities for the detection of apparent MoFe protein activity. In addition, a nitrogenase MoFe protein with a single amino acid substitution, b-98
Tyr-His , was utilized that has previously been demonstrated to improve the ability of the MoFe protein to accept electrons from unnatural reducing agents. 13, 25 While many metallocene complexes exist, ferrocene is well established in the bioelectrochemical field following the discovery that the ferrocene/ferrocenium couple can efficiently mediate electron transfer between glucose oxidase and an electrode surface, resulting in a system that is able to bioelectrocatalytically oxidize glucose. 26 In order to drive a bioelectrocatalytic reductive reaction with nitrogenase, however, the formal potential of ferrocene is expected to be too positive. (Fig. 2b ) the reduction current increases, which is attributed to the reduction of N 3 À to NH 3 and N 2 ; there are three major proposed pathways for the reduction of N 3 À or HN 3 (eqn (2) and (3)). 28 The addition of 50 mM NO 2 À results in a catalytic reductive wave assigned to the 6e À reduction of NO 2 À to NH 3 and 2H 2 O (eqn (4)).
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In all cases, MoFe protein bioelectrodes prepared with the b-98
Tyr-His modified MoFe protein result in improved catalytic currents; this is in agreement with previous reports whereby this single amino acid substitution improves the ability of the MoFe protein to accept electrons from unnatural electron donors. 13 Control bioelectrodes consisted of either an equiva- ; increased apparent catalytic reductive current for NO 2 À at apo-MoFe protein bioelectrodes suggests the P cluster Control experiments were performed using apo-MoFe protein bioelectrodes; under these steady-state conditions, negligible bioelectrocatalytic currents were observed. Additionally, apparent kinetics were not determined for NO ) to confirm NH 3 production; NH 3 was quantified using a fluorometric assay whereby NH 3 forms a fluorescent complex with ortho-phthalaldehyde (ESI, † Fig. S3 and S4) . 32, 33 Bioelectrosynthetic reduction of N 3 À for 30 min yielded 70 AE 9 nmol of NH 3 where the theoretical quantity of NH 3 expected to be produced (as a function of the charge passed during the experiment) varied depending on the pathway of N 3 À reduction (Table 1 , eqn (2) and (3) 
